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Introduction
IEEE802.11b WLAN is one of the popular broadband communication standards and is employed all over the world. In the IEEE802.11b WLAN standard, direct-sequence spreadspectrum (DS/SS) is used as the modulation scheme. In DS/SS systems, a RAKE receiver is employed to improve the signal-to-noise ratio (SNR) in a multipath environment and achieves path diversity. The effect of tap spacing on the performance of the DS/SS RAKE receiver has been analyzed [1] - [5] . If the tap spacing is narrower than the chip duration, the performance can be improved. In order to decide the tap position of the RAKE receiver, accurate channel estimation is required while it is not taken into consideration in [1] - [5] . In those literatures, it is assumed that the channel response is known to a receiver.
There are many papers regarding channel estimation for CDMA systems [6] - [8] . However, most of them are not applicable to a RAKE receiver with fractional sampling.
In this paper, a channel estimation scheme for the RAKE receiver with fractional sampling in IEEE802.11b WLAN system is investigated. In the conventional scheme, the impulse response of a multipath channel is estimated with a pseudo-inverse of an auto-correlation matrix of a received signal waveform [9] . However, this scheme is not ro- bust to thermal noise. Therefore, the pseudo-inverse matrix with a threshold is proposed [3] . The threshold is introduced to suppress the influence of the noise. The proposed scheme is evaluated through computer simulation and measurement in this paper. This paper is organized as follows. In Sect. 2, the conventional and proposed schemes are explained. Section 3 shows numerical results through computer simulation. Section 4 shows the measurement results. Section 5 gives our conclusions.
Channel Estimation Schemes

Estimation with an Inverse Matrix
Here, the chip shape is assumed to be rectangular. At the beginning of the packet, N S y synchronization symbols are transmitted. The synchronization symbol, s(t), is represented as,
where d s (t) is the transmitted symbol and c(t) is the spreading sequence, and
where p(t) is the signal waveform, and q(t) is the chip waveform. c b (m) is the mth spreading sequence, d(n) is the nth symbol for synchronization, T s is the symbol duration, T c is the chip duration, and M is the length of the spreading sequence. Therefore, MT c = T s . The influence of the multipath can be modeled by a transversal filter as shown in Fig. 1 . {h 0 , h 1 , · · · , h L−1 } are the impulse responses of the channel and L is the number of paths. The received signal is given as
where h l is the response of the lth path, n(t) is the thermal noise, and T d is the interval of the samples. kth sample of the received signal, r s (k), is expressed as
where n s (k) is the kth noise sample. h and s are given as
The received signal is input into a matched filter. The output of the matched filter is
The auto-correlation function of the spreading sequence is given as
where c s (m) is the mth coefficient of the matched filter. M s = MN represents the number of the samples for one spreading sequence. c s (m) is given by sampling c(t) with the interval of T d . An example of auto-correlation of the waveform is shown in Fig. 2 . From Eq. (5), the output of the matched filter is derived as
Assuming that d s (t) = 1 in Eq. (1), 
Therefore,
The outputs of the matched filter are averaged over N S y symbols to reduce the influence of the noise.
As shown in Fig. 2 , the output of the matched filter is determined by the auto-correlation function, u s (k), of the spreading sequence, c s (k), and the impulse response, h l . Suppose u s (k) is the matrix whose elements are given by the autocorrelation function, u s (k).
The auto-correlation matrix of the spreading sequence is
Here, the noise is neglected for simplicity. The output of the matched filter is
Hence,
where
Therefore, the impulse response, h, can be estimated with the output of the matched filter, X, and the inverse matrix of the auto-correlation matrix, U s , as follows.
Pseudo-Inverse with a Threshold
If the baseband filter is used for pulse shaping, the chip waveform is no longer the rectangular shape and the waveform of the spreading sequence becomes smooth. The impulse response of the channel is estimated by using this filtered spreading sequence. The impulse response of the channel is estimated as
from Eqs. (16)- (19) where X is the output of the matched filter and U s is the auto-correlation matrix of the filtered spreading sequence. However, h cannot be estimated precisely with the filtered spreading sequence due to the waveform of the spreading sequence. When the differences between the samples in c s (k) are small, the columns of U s are not independent and the rank of the matrix reduces. Hence, the inverse matrix of U s cannot be derived precisely. Therefore, if the matrix, U −1 s , is used, the response of the channels, h, cannot be estimated.
In order to improve the accuracy, the channel estimation with a pseudo-inverse matrix, U s + , instead of the inverse matrix, U s −1 , is employed [9] . Singular value decomposition is applied to U s , 
where q is the rank of U s . Singular value decomposition is then applied to the pseudo-inverse matrix, U s + ,
and the singular values of U s + are [1/σ 1 , · · ·, 1/σ q ]. Hence,
From Eqs. (23) and (25), when the singular value, σ q , in U s is small, small difference in σ q makes large fluctuation to its reciprocal 1/σ q . Hence, the pseudo-inverse matrix, U s + , cannot be derived precisely. In the proposed scheme, a threshold is set for deriving the pseudo-inverse matrix. If the singular value is smaller than the threshold, the singular value is set to 0.
Numerical Results with Computer Simulation
Channel Model
The computer simulation is conducted to investigate the relation between the threshold of the singular value and the mean square errors (MSE) of the estimated impulse response. In this paper, an exponential channel model is assumed [10] . As shown in Fig. 3 , the path delay profile for this model has the form:
where the parameter τ d completely characterizes the path delay profile. For the exponential model, the maximum excess delay is given as
where A is the amplitude of the smallest noticeable amplitude given in dB relative to the amplitude of the 0th delay (line-of-sight) path. In this paper, τ m and A are set based on the JTC model [11], [12] . Table 1 shows τ d and A for the indoor residential channel model.
Simulation Conditions
The simulation conditions are shown in Table 2 . BPSK is employed as the modulation scheme. Barker code with the length of 11 is used for spreading. The received signal is sampled in every T c /4. E b /N 0 is set from 0 dB to 20 dB. The MSE is calculated with 128 preamble bits. The spreading sequence is obtained through the measurement of the signal from the actual WLAN terminal (corega K.K., CG-WLCB54GTU2). Figure 4 shows the measurement environment. Both a transmitting antenna and a receiving antenna are covered with radiowave absorbers to detect only the direct path. The received signal is downconverted to the baseband signal in the down converter and then digitized by the oscilloscope. The sampling frequency in the oscilloscope is 8 [GHz] . The samples are decimated to be the sampling speed of 44 [MHz] . The signal waveform of the spreading sequence is shown in Fig. 5 .
Numerical Results through Simulation
Figures 6 and 7 show numerical results of the proposed scheme. They show the relation between the threshold of the singular value and the MSE. From Figs. 6, 7, it can be found that when the threshold is smaller, the MSE increases. This is because if the threshold is smaller, small singular values are included in Eq. (23). In Fig. 6 , as the number of the paths are small, the fluctuation on those singular values deteriorates the estimation accuracy. In Fig. 7 , as the number of the paths are large, the small singular values represent the weak paths. Therefore, smaller threshold leads to the trade off between the errors on the estimation of the path strength and on the number of the paths. When the threshold is larger than the certain value, the MSE also increases. This is because as the threshold becomes larger, the number of singular values decreases in Eq. (23) and the pseudo-inverse in Eq. (25) becomes inaccurate.
Moreover, the discrete values of the MSE can be observed in both Figs. 6 and 7, especially when the threshold is around 10. This is because the singular values in Eq. (25) smaller than the threshold is set to 0 as mentioned in Sect. 2.2 and the MSE also changes discretely. 
Numerical Results through Experiment
Experiment Setup
Reference Impulse Response Measurement with a Vector Network Analyzer
The measurement is conducted to investigate the impulse response of the channel in a room whose size is 5. The wall is made of concrete and the door, the shelf, the desk, and the locker are made of steal. The impulse response of the channel is measured in both line-of-sight (LOS) and non-LOS (NLOS) situations. In order to realize the NLOS condition, the Rx antenna is placed at the outside of the room. Tx antenna is put on the shelf which is 2.2 [m] high from the ground. Rx antenna is put on the ground in both situations. Figure 9 shows the experiment system with a vector network analyzer (VNA) and the equipments used for the measurement are shown in Table 3 . Table 4 shows the measurement conditions of the VNA. The impulse response of the channel is obtained with the measured S 21 parameters. The chip rate of the spreading sequence of the IEEE802.11b receiver is 11 [Mcps] . When the RAKE receiver with fractional sampling is employed, the sampling frequency is 44 [MHz] . Therefore, the resolution of the delay is 0.189 [ns] which is equal to the inverse of 44 [MHz].
Impulse Response Estimation with an IEEE802.11b
WLAN Card Figure 10 shows the experiment setup with a WLAN card. Table 5 shows the measurement equipments and their specifications. The WLAN card is set as an access point and beacon signal is used as a transmitted signal which is continuously generated. The beacon interval is set to be 1 [ms] [13] - [15] . The transmitted signal is received at the receiving antenna and downconverted to the baseband signal. The baseband signal is digitized by the A/D boards at the rate 
Measurement Results
Measurement with the VNA
The impulse responses in the LOS situation and the NLOS situation are shown in Figs. 11 and 12. Figure 11 shows that the direct path is strong in the case of the LOS condition, and Fig. 12 shows that multiple weak paths can be found in the case of the NLOS condition. The path is considered to exist if the normalized impulse response is larger than 0.1. These responses are used as the reference in order to calculate the MSE performances of the proposed scheme. Here, a window is employed to derive the MSE correctly because the number of multipath is unknown Figure 13 shows that the minimum MSE is gained when the threshold is in the range of about 0.6 to 10 in the case of the LOS condition. On the other hand, in the case of the NLOS condition, the minimum MSE can be found when the threshold is in the range of about 0.6 to 30 as shown in Fig. 14 .
Next, the minimum value of the MSE in the case of the LOS condition is compared with that of the NLOS condition especially in the case of measurement. Figures 13 and 14 show that the minimum MSE for the LOS situation is about 0.013 and for the NLOS situation is about 0.158. Therefore, the accuracy of channel estimation in the case of the LOS condition is better than that in the case of the NLOS condition. This is because strong paths can be observed in the LOS situation while multiple weaker paths can be observed in the NLOS situation. Moreover, the MSEs with the conventional scheme are also calculated, which are about 0.087 for the LOS situation and about 0.382 for the NLOS situation. These results indicate that the proposed scheme with the appropriate threshold is more accurate than the conventional scheme. 
Conclusions
In this paper, a channel estimation scheme for the IEEE802.11b WLAN system is investigated through the computer simulation and the measurement. In the conventional scheme, the impulse response of the multipath channel is estimated with a pseudo-inverse matrix. However, this sheme is not robust to noise. Therefore, the pseudo-inverse matrix with the threshold has been proposed. According to the numerical results through the computer simulation and the experiment, it has been shown that the channel can be estimated with the optimum threshold.
